Patients with follicular lymphoma (FL) experiencing early therapy failure (ETF) within two years of frontline chemoimmunotherapy have poor overall survival (OS). We analyzed data from the Center for International Blood and Marrow Transplant Research (CIBMTR) and the National LymphoCare Study (NLCS) to determine whether autologous hematopoietic cell transplant (autoHCT) can improve outcomes in this high-risk FL subgroup.ETF was defined as failure to Casulo et al. achieve at least partial response after frontline chemoimmunotherapy or lymphoma progression within two years of frontline chemoimmunotherapy. We identified two groups: the non-autoHCT cohort (patients from the NLCS with ETF not undergoing autoHCT); and the autoHCT cohort (CIBMTR patients with ETF undergoing autoHCT). All patients received rituximab-based chemotherapy as frontline treatment. 174 non-autoHCT patients and 175 autoHCT patients were identified and analyzed. There was no difference in five year OS between the two groups (60% vs 67% respectively; p=0.16). A planned subgroup analysis showed that patients with ETF receiving autoHCT soon after treatment failure (≤1year of ETF; n=123) had higher five year OS than those without autoHCT (73% vs 60%, p=0.05). On multivariate analysis, early use of autoHCT was associated with significantly reduced mortality (HR=0.63, 95%CI:0.42-0.94, p=0.02). Patients with FL experiencing ETF after frontline chemoimmunotherapy lack optimal therapy. We demonstrate improved OS when receiving autoHCT within one year of treatment failure. Results from this unique collaboration between the NLCS and CIBMTR support consideration of early consolidation with autoHCT in select FL patients experiencing ETF.
INTRODUCTION
Follicular lymphoma (FL) is the most common indolent non-Hodgkin lymphoma (NHL); diagnosed in approximately two-three out of 100,000 people in the Unites States and Europe 1 . Due to improvements in treatments over the past several decades, patients with FL have increased median overall survival (OS), approaching 20-years 2 . However, significant disease heterogeneity exists, with a proportion of patients undergoing histologic transformation 3 , exhibiting refractory disease, or early mortality after frontline chemotherapy.
Among the most relevant features affecting FL prognosis, time to progression has emerged as one of the most robust and reproducible adverse determinants of FL outcomes. Several studies suggest that early treatment failure (ETF) within two years of frontline chemoimmunotherapy occurs in approximately 20% of FL patients, independent of maintenance rituximab 4, 5 . In a pivotal analysis, the National LymphoCare Study (NLCS) demonstrated that patients with disease progression within 24 months of treatment with frontline chemoimmunotherapy including rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP); rituximab, cyclophosphamide, vincristine, and prednisone (R-CVP); or R-Fludarabine had had an inferior five year OS (50%) compared to patients who remained progression-free at 24 months (90%). These findings were validated in an independent cohort of patients (34%, five year OS in the early progressors) 6 , and subsequently by multiple other independent investigators 7, 8 .
From these data it follows that we lack optimal therapy for patients with FL who experience ETF and there is an unmet need for novel treatments. The National Clinical Trials Network of the National Cancer Institute recently convened a lymphoma clinical trials planning meeting to determine priorities for lymphoma clinical trials research. Consensus from this meeting established that the top priority in FL was to impact these high-risk patients. High dose therapy (HDT) and autologous hematopoietic cell transplantation (autoHCT) is one effective treatment approach in relapsed indolent and aggressive lymphomas 9, 10 . Due to the long natural history of FL, and serious concerns for both short and long term complications of HDT/autoHCT such as second myeloid malignancies [11] [12] [13] [14] , there is lack of consensus as to the optimal patient population to benefit from this approach [14] [15] [16] . However given the durable remissions observed in relapsed/refractory FL with autoHCT, this warrants further investigation and is deserving of consideration in patients with ETF.
As such we hypothesized that autoHCT would be a promising treatment for patients experiencing ETF. Using the Center for International Blood and Marrow Transplant Research [CIBMTR]) registry and the NLCS database as a control, we investigated whether HDT and autoHCT can overcome chemoresistance and improve OS in FL patients with ETF.
MATERIALS AND METHODS

Data sources
Data sources included the observational database of CIBMTR and NCLS (details in supplemental appendix).
Patients
This analysis aimed to compare OS of FL patients who experienced ETF after frontline chemoimmunotherapy and never underwent autoHCT within NLCS, against those FL patients who experienced ETF and subsequently received an autoHCT consolidation within CIBMTR registry. ETF was defined as the failure to achieve at least a partial response (PR) after frontline chemoimmunotherapy, or disease progression within two years of frontline rituximab-based chemoimmunotherapies. Adult FL patients (age ≥18 years) enrolled between 2004-2007 in the NLCS with ETF represent the non-autoHCT cohort of this analysis (CONSORT diagram Figure-1a ). NLCS patients meeting these criteria but undergoing autoHCT (n=2) were excluded. FL patients diagnosed during 2002-2009 meeting criteria for ETF and undergoing an autoHCT from the CIBMTR constitute the autoHCT cohort for this study (CONSORT diagram Figure-1b ).
Patients older than 70 years of age at the time of FL diagnosis were not eligible for either cohort of this study (NLCS=81 patients, CIBMTR=7 patients) because patients with advanced age are less likely to be referred for autoHCT. As opposed to age restriction at the time of diagnosis, no upper limit for patient age at the time of autoHCT was applied. Since the original NLCS publication demonstrating adverse prognosis of ETF FL 6 excluded patients undergoing observation (or watchful waiting) after diagnosis or those with known histologic transformation, the current analysis also excluded such patients from both databases. Patients who died within four months, from the time of ETF were excluded (NLCS=19, CIBMTR=0). The rationale of this criterion was to ensure exclusion of ETF FL patients who did not survive long enough to receive salvage therapy and autoHCT. Patients 
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Author Manuscript in the autoHCT cohort with chemorefractory disease before transplantation were not excluded. Patients with grade 3 disease were included, as they were part of the original NLCS analysis.
Definitions and Endpoints
Response to frontline chemoimmunotherapy and disease response before autoHCT was determined using the International Working Group criteria 17 . The primary endpoint was OS. Death from any cause was considered an event and surviving patients were censored at last follow-up. OS was calculated starting four months after the date of ETF (i.e. the landmark point) to the time of death or last follow-up. Since timing of autoHCT in relapsed/refractory FL is not uniform across transplant centers, the study protocol specified a planned subgroup analysis comparing non-autoHCT cohort (NLCS) patients against CIBMTR patients undergoing early autoHCT consolidation. Early autoHCT was defined as transplantation performed within one year of experiencing ETF. The intent of this preplanned subgroup analysis was to evaluate the impact of early autoHCT in FL patients with ETF.
Statistical analysis
Patient and disease-related variables were compared between the non-autoHCT and autoHCT cohorts using the Chi-square test for categorical variables and the Wilcoxon two sample test for continuous variables. Frequencies of transplantation-related variables were descriptively presented. The autoHCT cohort patients did not enter the study before getting HCT (in other words, they survived long enough to get a transplant). To adjust for this late entry time, the left-truncated Cox model was used for multivariate analysis (MVA), with the clock starting at landmark point (four months after ETF). The late entry time was the time from landmark point to transplantation for patients in the autoHCT cohort. The non-autoHCT cohort had zero late entry time. Because there was no late entry time for the non-autoHCT cohort, the Kaplan-Meier estimator was used to estimate OS probabilities for that group. On the other hand, the Breslow estimator based on the left-truncated Cox model was used to calculate OS probabilities for the autoHCT cohort. Time from diagnosis to ETF was analyzed in the Cox model. The assumption of proportional hazards for each factor in the left-truncated Cox model was tested using time-dependent covariates. A stepwise model selection approach was used to identify all significant risk factors. Each step of model building contained the main effect (i.e. non-autoHCT cohort vs. autoHCT cohort). Factors which were significant at a 5% level were kept in the final model. The potential interactions between main effect and all significant risk factors were tested. The variables considered in MVA are shown in Table S1 of supplemental appendix.
Another MVA was performed using matched data based on propensity scores. The variables significantly associated with the main effect were identified by the logistic regression treating the main effect as a response. The propensity scores were calculated using those variables. The propensity scores were classified into one of the five categories: 0-20%, 20-40%, 40-60%, 60-80%, and 80-100%. Using the five categories, the two arms were matched with one-to-one matching ratio (Table S3 ). Cluster effect due to matching was adjusted using the marginal left-truncated Cox model. The p-values for survival rates at time points of interest from univariable analysis were obtained from the z-test based on the standard errors of the survival estimates at each time point for each arm, assuming the two arms were independent. False discovery rate (FDR) control was used to further adjust pvalues for univariable analysis. The cut-off 10% was used for FDR. All statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC).
RESULTS
Baseline Characteristics
Baseline characteristics of 174 non-autoHCT cohort patients and 175 autoHCT cohort patients are shown in Table 1 and Figure 1a and 1b. There was no significant difference between the two groups in terms of patient gender, proportion of patients with advanced stage disease and bone marrow or extranodal involvement at diagnosis. Compared to the non-autoHCT cohort, the autoHCT cohort more frequently had Caucasian patients (86% vs. 93%; p=0.008), grade 3 histology (23% vs. 35%; p=0.04) and R-CHOP as frontline treatment (57% vs. 79%; P<0.0001). A greater proportion of non-autoHCT cohort patients had normal lactate hydrogenase at diagnosis (46% vs. 19%; p=0.02). Sixty-five (37%) non-autoHCT cohort patients had FLIPI score of 3-5 at diagnosis. FLIPI score was not captured in the CIBMTR registry, during the era of this study. The response to frontline chemoimmunotherapy was complete response (CR) or PR in 67% of non-HCT cohort patients compared to 78% of autoHCT cohort patients (p=0.004).
Among the autoHCT cohort patients, the median lines of therapy before HCT were two (range: 1-6) and 32 patients (18%) had chemorefractory or untreated relapsed disease at the time of transplantation. BEAM (carmustine, etoposide, cytarabine and melphalan) was the most commonly used conditioning regimen for transplantation (68%). Twenty patients (11%) received planned rituximab therapy after autoHCT. Baseline characteristics of propensity score matched patients are shown in Supplemental Tables S3 .
Overall Survival and Predictors of Overall Survival
The median follow-up of survivors in the non-autoHCT and autoHCT cohorts was 76 months (range: 2-130) and 71 months (range: 6-131), respectively. On univariate analysis, the two year OS (calculated from the landmark point) for the non-autoHCT and autoHCT cohorts was 76% and 82%, respectively (p=0.21; Table 2 ). The respective figures for five year OS are 60% and 67% (p=0. 16 ; Table 2 and Figure-2). On MVA ( Tables S4 and S5 ). MVA using the propensity score matched data also showed non-significance (HR=0.84; 95%CI=0.56-1.25; p=0.38).
Overall Survival (Planned Subgroup Analysis)
To account for differences in the timing of the application of autoHCT in relapse/refractory FL across various centers, we performed a pre-planned subgroup analysis comparing OS between non-autoHCT cohort patients (n=174) and CIBMTR patients undergoing "early" autoHCT (i.e. HCT within one year of ETF; n=123) (Table S2 for baseline characteristics) . On univariate analysis, the two year OS for the non-autoHCT and early autoHCT cohorts was 76% and 84%, respectively (p=0.11; Table 4 ). The respective figures for five year OS are 60% and 73%, respectively (p=0.05; Table 4 and Figure 2 ). On MVA, early autoHCT in FL with ETF was the only factor associated with a decreased risk of mortality (HR=0.63; 95%CI=0.42-0.94; p=0.02). Next we performed MVA using the propensity score matched data. The propensity score matched patients (as showing in supplemental Table S3 ) across two groups had no significant differences in terms of age at diagnosis, race, disease stage, FL grade, LDH, and type or response to frontline chemoimmunotherapies. MVA using the propensity matched data also showed a significantly decreased risk of mortality with early autoHCT in FL with ETF (HR=0.55; 95%CI=0.36-0.84; p=0.005). Characteristics of CIBMTR patients undergoing early vs. late autoHCT are showing in Table S6 in Supplemental Appendix.
DISCUSSION
ETF following chemoimmunotherapy is a new and validated prognostic marker of poor survival in FL 6, 7, 18 . Our data, with a median follow-up of over six years, suggest that early use of autoHCT improves OS of FL patients with ETF, if used within one year of ETF in select groups of patients who may be candidates for an aggressive approach. The overall study population showed no significant difference in OS between the non-autoHCT and autoHCT cohorts (60% vs 67% respectively; p=0.16). However a planned subgroup analysis demonstrated that early autoHCT in FL with ETF was the only factor associated with a decreased risk of mortality (HR=0.63; 95%CI=0.42-0.94; p=0.02). These results are reminiscent of studies suggesting autoHCT is most effective when used early in the disease course for relapsed/refractory FL 14, 19 .
Several retrospective series have reported promising outcomes of autoHCT in relapsed/ refractory FL 14, 20, 21 , however there are few randomized studies evaluating this question 15, 22 . The randomized European CUP study showed an OS advantage for high dose chemotherapy and autoHCT compared to standard chemotherapy in relapsed FL, but accrual was not completed 15 . In the prospective randomized LYM1 study, favorable disease control was also observed with autoHCT for relapsed FL 22 . For both these prospective studies, patients either did not receive rituximab, or were required to be rituximab naïve, making results difficult to extrapolate to the modern era. An analysis from the National Comprehensive Cancer Network (NCCN) reported outcomes of autoHCT in relapsed FL treated with modern chemoimmunotherapy induction, and demonstrated plateaus in survival suggestive of cure in a subset of FL patients 16 .
In the present analysis, the autoHCT and non-autoHCT populations received a variety of both anthracycline and non-anthracycline containing induction regimens. Patients undergoing watchful waiting/observation as part of their induction strategy were not included. Our study did not include patients receiving bendamustine and rituximab (BR) as frontline therapy, as the era of this analysis pre-dates publication of the German STiL trial 23 . While lack of patients treated with BR, and the more frequent use of R-CHOP in the autoHCT cohort can be perceived as possible limitations of the present analysis, it is critical to highlight that OS was our primary endpoint, and none of the currently used frontline chemoimmunotherapy regimens in FL have shown a survival benefit over each other to date 23, 24 . In line with published data, our MVA found no impact of the type of induction regimen on FL OS.
Grade three FL was more frequent in the autoHCT cohort of this analysis. In the current data set we cannot discriminate between grade 3a or 3b disease, since neither NLCS nor CIBMTR (during the era of this investigation) collected data to differentiate between 3a vs. 3b disease. However as grade 3b disease is very uncommon, we would expect those numbers to be small. Patients with known transformation were excluded from both cohorts. A recent analysis from the PRIMA study suggests that patients with biopsy proven disease progression may be enriched for histologic transformation. 25 In that report, autoHCT was of greatest benefit to patients with transformed disease. Publications from the NLCS 26 and from other population based studies 27 demonstrate that patients with transformation established by clinical versus histological criteria have identical median survival outcomes; and are consistent with prospectively acquired datasets mandating biopsies for transformed FL. This implies reliability on the part of the treating physicians in the CIBMTR and NLCS to recognize and exclude transformed disease, and also of the data quality. It also suggests that unrecognized transformed cases are not over-represented in our study.
In both cohorts, the median age was young (55 in the non-autoHCT group, 53 in the autoHCT group). The younger age may explain in part the observed five year OS in the non-autoHCT cohort of patients (60%), compared to 50% OS at five years in the original NLCS publication, which included many older patients 6 . However similar to the analysis from the NCCN 16 , the only factor independently associated with a higher risk of mortality in our series was age ≥60 years at the time of FL diagnosis. To address possible cofounders influencing outcomes between the groups, another MVA was performed using matched data based on propensity scores (see results section). After propensity score matching, we found no significant differences between baseline characteristics of the two groups, and saw consistency with results in our subset analysis without matching.
The fact that only 20 patients (11%) received planned rituximab therapy after autoHCT in the CIBMTR cohort, precludes us from assessing the impact of maintenance rituximab following autoHCT. Since rituximab maintenance post autoHCT was not shown to improve OS in a randomized study 22, 28 , it is unlikely that the infrequent use of rituximab maintenance in CIBMTR cohort would impact survival outcomes of current analysis.
The German Low Grade Lymphoma Study Group (GLSG) has also evaluated autoHCT as an effective second-line treatment option for FL patients with ETF, in a predominantly rituximab-naïve patient cohort 29 . In their secondary analysis of two randomized trials, autoHCT for patients with ETF was associated with significantly higher five year OS (77% versus 46%). A separate analysis from the NLCS, observed that <2% of patients undergoing any second-line therapy for FL were offered autoHCT as part of their subsequent treatment strategy 30 . This is also consistent with CIBMTR's estimate of autoHCT utilization rates in FL of ~1-1.5% (unpublished data), and suggests more widespread underutilization of this potentially effective therapy. In our group of uniformly chemoimmunotherapy treated patients, there was an observed survival benefit with early autoHCT in a select subgroup of patients. The possible reason for the greater benefit of autoHCT earlier in the ETF FL disease course might be that such patient population potentially has biologically less refractory and more chemoresponsive state deriving incrementally greater benefit from HDT, and is in line with observations from pre rituximab era. 14, 19 On this basis, we feel that auto-HCT should be considered as a possible therapeutic approach for ETF FL patients who are candidates for aggressive treatment strategies.
Currently there are no standard therapeutic options for high-risk early failure FL, and several groups are investigating novel therapies in this space. Despite the plethora of drugs under consideration for relapsed/refractory FL, few have evaluated the ETF patient specifically. In an unplanned subset analysis using idelalisib 31 , early relapsing FL responded similarly to the rest of the population with median PFS of only 11 months. An abstract evaluating lenalidomide/rituximab in early relapsing FL reported ORR 48%, though many patients received only rituximab as front-line monotherapy. The GADOLIN study used obinutuzumab/bendamustine in relapsed FL, and while demonstrating an OS benefit 32 , follow-up remains short, and is difficult to apply in this setting to the early progressor population.
Unfortunately the NLCS registry was unable to provide information on second line therapy for ETF patients. However given lack of standardized therapy for FL with ETF, and the possibility of long term OS possible with autoHCT in relapsed FL, we believe that this approach should be considered as a potential therapeutic option in the appropriate setting and for the right patient, ideally in the context of a clinical trial.
Preferably, future treatment approaches for patients with ETF should incorporate a deep understanding of the molecular characteristics of chemoresistance to allow a precision approach, whether or not autoHCT is used as part of the paradigm. The m7-FLIPI, a new clinicopathologic tool, incorporates frequently mutated FL genes paired in a MVA with poor clinical risk factors (poor performance status, high-risk FLIPI) to predict failure-free survival. While the m7-FLIPI groups patients into low or high-risk groups, it captured only about 50% of patients with early relapse 7 . Further refinement and validation of these biologic predictors can optimize risk-stratified treatments 33 , with consideration for autoHCT after initial induction therapy. The m7-FLIPI will be prospectively tested in the upcoming SWOG 1608 study, randomizing patients with early relapsing FL to obinutuzumab + CHOP vs. obinutuzumab + lenalidomide vs. obinutuzumab + TGR1202, a PI3kinase inhibitor.
AutoHCT is permitted as consolidation on this trial. With refined understanding of high-risk FL biology, and identification of predictive biomarkers at diagnosis of FL, autoHCT could be considered as a component of precision medicine trials with a goal of changing the natural history of high-risk FL.
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